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Abstract  20 
This study presents the successful fabrication of a novel defect-free outer-selective hollow fiber 21 
(OSHF) thin-film composite (TFC) membrane for forward osmosis (FO) applications. Thin and 22 
porous FO membrane substrates made of polyether sulfone (PES) with a dense and smooth outer 23 
surface were initially fabricated at different air-gap distances. A modified vacuum-assisted 24 
interfacial polymerisation (VAIP) technique was then successfully utilised for coating polyamide 25 
(PA) layer on the hollow fiber (HF) membrane substrate to prepare OSHF TFC membranes. 26 
Experimental results showed that the molecular weight cut-off (MWCO) of the surface of the 27 
membrane substrate should be less than 88 kDa with smooth surface roughness to obtain a defect-28 
free PA layer via VAIP. The FO test results showed that the newly developed OSHF TFC 29 
membranes achieved water flux of 30.2 L m-2 h-1 and a specific reverse solute flux of 0.13 g L-1 30 
using 1M NaCl and DI water as draw and feed solution, respectively. This is a significant 31 
improvement on commercial FO membranes. Moreover, this OSHF TFC FO membrane 32 
demonstrated higher fouling resistance and better cleaning efficiency against alginate-silica 33 
fouling. This membrane also has a strong potential for scale-up for use in larger applications. It 34 
also has strong promise for various FO applications such as osmotic membrane bioreactor (OMBR) 35 
and fertiliser-drawn OMBR processes. 36 
  37 
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1. Introduction 38 
Water scarcity is becoming a severe issue in many parts of the world due to the rapid 39 
increase in population and the impact of global warming and climate change [1]. A plethora of 40 
attempts have been made to develop technologies and water management policies to address this 41 
problem, and desalination has proven one of the most reliable options to obtain pure water from 42 
the world’s unlimited saline water resources and reclaim wastewater [1]. Among the several 43 
emerging desalination technologies, forward osmosis (FO) is one of the most promising, with a 44 
wide range of applications including seawater desalination [2], wastewater reuse [2, 3], energy 45 
production [4, 5], liquid concentration for food processes [6] and fertilizer dilution [7]. The driving 46 
force of the FO process is naturally produced by the osmotic pressure difference between draw 47 
solution (DS) and feed solution (FS) when they are separated by a semi-permeable membrane [8]. 48 
The FO process is considered a low-energy desalination technology compared to other pressure-49 
driven membrane processes, such as ultrafiltration (UF), nanofiltration (NF) and reverse osmosis 50 
(RO). Another advantage of the FO process is its low fouling propensity as it requires little or no 51 
hydraulic pressure to operate [9]. Investigations of FO’s potential have been especially focused on 52 
advanced water treatment, including wastewater treatment by aerobic [10] or anaerobic digestion 53 
[11] and treatment of backflow wastewater from shale gas exploration [12].    54 
Membranes play a significant role in the forward osmosis (FO) process; hence, membrane 55 
design must be carefully considered in order to enhance the overall FO performance. Over the last 56 
decade, researchers and industries have considered the development of efficient FO membranes 57 
with high water flux and solute rejection for water treatment. A high-performance FO membrane 58 
should possess the following properties: (1) a thin selective layer to provide high water 59 
permeability and ion selectivity; (2) a porous membrane substrate to alleviate internal 60 
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concentration polarization (ICP) [13-15]; and (3) high resistance to membrane fouling [16]. 61 
Additionally, FO membranes should also have reasonable mechanical strength to withstand the 62 
operating conditions in typical FO processes. However, manufacturing FO membranes with all 63 
these desirable properties still remains a challenge. Recent developments of FO membranes have 64 
mainly focused on the fabrication of thin-film composite (TFC) membranes composed of a 65 
polyamide (PA) selective layer and a support layer (substrate) made of various polymer materials. 66 
Sulfonated polymer materials, such as polysulfone (PSf) and polyethersulfone (PES) have been 67 
widely employed for FO membrane substrate preparation [8, 13, 15, 17, 18]. TFC FO membranes 68 
consist of either flat-sheet or hollow fiber (HF), but HF membranes offer several advantages over 69 
the flat-sheet membranes such as a high packing density per module. HF membranes are self-70 
supporting structures, and modulation and scaling-up is easier compared to flat-sheet membranes 71 
[19, 20].  72 
However, most HF TFC membranes are designed as inner-selective hollow fibers (ISHF), 73 
because they are much easier to manufacture, as discussed later. As the FO process is operated 74 
with the selective/active layer of the membrane facing the feed solution (AL-FS), ISHF 75 
membranes can be a big problem since the feed solution (FS) containing foulants can cause 76 
clogging of the narrow channel of the lumen side (bore side) of the HF substrate, if the feed water 77 
is not adequately pre-treated [20-22]. Furthermore, ISHF TFC membranes possess a low surface 78 
area per fiber due to their small inner diameter compared to the outer-selective HF (OSHF) TFC 79 
membrane. Aquaporin InsideTM recently launched its commercial HF FO membrane modules 80 
possessing a thin-film selective layer incorporated with biomimetic aquaporin materials on the 81 
bore side of the HF membrane; but the quality of feed water should be critically managed to ensure 82 
its stable operation. 83 
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On the other hand, the OSHF TFC membrane is more advantageous since the FS can now 84 
be located facing the outer surface or shell side of the HF membrane as the active layer is casted 85 
on the outer side of the fiber. The OSHF TFC membrane is more preferable over the ISHF TFC 86 
membrane because (1) it offers a larger surface area per fiber; (2) lower fouling propensity and 87 
easier fouling control on the HF outer surface under AL-FS orientation; and (3) their suitability 88 
for application in submerged membrane processes like osmotic membrane bioreactors (OMBR) 89 
[23-26]. Equipped with these advantages, the OSHF TFC membrane may be a more suitable 90 
candidate for the FO process, especially when it involves treating impaired water/wastewater 91 
treatments when a robust pre-treatment system is not in place [27]. 92 
Despite its obvious advantages, fabrication of the OSHF TFC membrane is still a challenge, 93 
especially the deposition of a defect-free thin PA active layer on the outer surface of a HF 94 
membrane substrate. When the fibers are bundled together very close to each other in a module, 95 
the fibers touch each other instead of standing freely and independently; and under such conditions, 96 
the interfacial polymerization (IP) process should be carefully considered and carried out. This is 97 
because when the fibers are touching each other, the effective formation of the PA active layer on 98 
the fiber surface becomes a challenge and this can significantly affect the FO performance. In 99 
addition, if the fibers are not closely arranged or packed in a module in the IP process, it can 100 
significantly reduce the packing density of the HF membrane module, undermining one of the 101 
main merits of the HF membrane [26]. Another issue is that although some conventional methods 102 
have been used for removing amine solution, such as air purging, roller milling and solvent 103 
treatment, they are not effective in the development of OSHF TFC membranes [28]. Nevertheless, 104 
Sun et al. first reported the vacuum-assisted IP (VAIP) technique for fabrication of OSHF TFC 105 
PRO membranes in 2013 [28]. They demonstrated that the excess MPD solution on the outer 106 
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surface of a HF membrane substrate was effectively removed by vacuum suction (800 mbar) to 107 
the bore side during the specific time period. Later, more elaborate studies focused on OSHF TFC 108 
PRO membranes were conducted by the same group [24, 26]. In particular, Cheng et al. had 109 
recently prepared advanced robust OSHF TFC membranes with improved PRO performances [24, 110 
26]. This study also initially benchmarked the concept of VAIP put forward by Sun et al. for 111 
developing OSHF TFC FO membranes. 112 
However, contrary to the OSHF TFC membranes for the PRO applications, PA formation 113 
by IP process for FO application faces additional challenges [26]. The fiber thickness for FO 114 
membranes (70–100 µm) is much smaller and the porosity is much higher compared to PRO 115 
membranes (over 200 µm), and hence the FO fiber substrate is much weaker. We expect that this 116 
weaker fiber substrate is prone to shrinkage and damage during the VAIP process. To our 117 
knowledge, there are only limited studies on the development of the OSHF membrane for FO 118 
applications, despite many potential applications such as submerged osmotic membrane 119 
bioreactors. Fu et al. and Xia et al. reported a dual-layered HF membrane for PRO processes to 120 
generate osmotic power [29, 30]. The outer-selective layer of the HF was composed of 121 
polybenzimidazole (PBI) incorporated with polyhedral oligomeric silsesquioxane (POSS), while 122 
the inner layer was composed of PAN. This dual-layered membrane exhibited a maximum water 123 
flux of 31.4 L m-2 h-1 and a reverse solute flux (RSF) of 30 g m-2 h-1 using 2 M MgCl2 under AL-124 
DS of membrane orientation. However, its application for the FO process (AL-FS) has not been 125 
tested using NaCl as DS, although its PRO performance using 1 M NaCl DS with DI water as FS 126 
reported only 2.7 W m-2 of power density, which is much lower than those reported in the 127 
literatures The specific RSF (SRSF) of 0.96 g L-1 using MgCl2 for this dual-layered PRO 128 
membrane indicates that the SRSF of NaCl DS will be significantly higher, which can be highly 129 
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problematic for the FO applications, although SRSF is not an issue with the PRO application. 130 
Besides, these membrane fabrications require several different types of membrane materials, and 131 
the fabrication techniques are currently too complex for commercial scalability.  132 
 In this study, we report a successful design and manufacture of OSHF TFC membranes for 133 
FO applications, using PES as a membrane substrate and slightly modifying and optimizing the 134 
approaches reported in the literature for both fiber manufacture and the IP process. Firstly, the HF 135 
spinning parameters were optimized to obtain a membrane substrate with the desired outer surface 136 
and inner morphology suitable for subsequent selective PA layer formation. The fibers were then 137 
arranged at adequate gaps inside the module to avoid attaching with each other during the IP 138 
process. The VAIP approach reported elsewhere [23, 28, 31] was slightly modified for the 139 
manufacture of a high-performing OSHF TFC membrane while avoiding shrinkage and membrane 140 
substrate damage. All the manufactured OSHF TFC membranes were then characterized, and their 141 
FO performances were compared with the commercial FO membranes. In addition, fouling and 142 
cleaning tests using alginate and colloidal silica as model foulants were conducted for assessing 143 
the fouling potential of OSHF membranes.  144 
To the best of our knowledge, this is the first study on the successful preparation of OSHF TFC 145 
FO membranes using a modified VAIP technique. This study also offers insights into the potential 146 
scalability of the approaches adopted for the development of OSHF TFC FO membranes. 147 
 148 
  149 
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2. Materials and methods 150 
2.1 Materials and chemicals 151 
Polyethersulfone (PES, Veradel® 3000P, Solvay) within the molecule range of 62,000–152 
64,000 g/mol was dissolved in 1-methyl-2-pyrrolidone (NMP, Merck) for polymer dope 153 
preparation to be used in the manufacture of HF substrates. Polyethylene glycol or PEG 400 (PEG 154 
400, Mw = 400 g mol
-1, Sigma-Aldrich) was added to the polymer dope as a pore former. 1, 2-155 
phenylenediamine (MPD, 99%) and trimesoyl chloride (TMC, 98%) from Sigma-Aldrich were 156 
used for PA selective layer formation on the HF PES substrates via IP reactions. N-hexane (Merck, 157 
USA, 99%) was used as the solvent for TMC. Sodium chloride (NaCl, Chem Supply) solution was 158 
used as DS for FO performance tests with deionized (DI) water (Milli-Q, Millipore, resistivity 18 159 
MΩ/cm) was used as FS. Glycerol aqueous solution at 50 wt.% was used for the post-treatment of 160 
membrane substrates in order to retain their structure. PEG (Sigma-Aldrich) in the molecule range 161 
of 6,000–100,000g mol-1 and polyethylene oxide (PEO) (Sigma-Aldrich) in the molecule range of 162 
200,000g mol-1 were used to determine the pore size distribution of HF membrane substrates. 163 
Colloidal silica (100 nm, ST-ZL, Nissan chemical) and sodium alginate (Sigma-Aldrich) were 164 
used as model foulants in FS for fouling tests. The commercial flat-sheet (Toray Chemical Korea, 165 
Republic of Korea) and ISHF (Aquaporin InsideTM, Denmark) TFC FO membranes were obtained 166 
from the spiral-wound FO module and the case-housing module (HFFO2) of Aquaporin InsideTM, 167 
respectively. The commercial FO membranes are denoted as CFS for the Toray flat-sheet (TFC) 168 






2.2 Preparation of hollow fiber membrane substrates 173 
 174 
 A typical dry-jet wet spinning method was applied for preparation of the HF membrane 175 
substrates. For the preparation of the polymer dope solution for the membrane substrate, dried PES 176 
powder and PEG400 at a fixed amount were mixed with NMP at 60°C for 12 hours using a 177 
magnetic stirrer. The addition of hydrophilic non-solvent PEG into the polymer solutions can 178 
produce a sponge-like porous morphology for enhancing pore formation and interconnection [24]. 179 
The dope solution was then pre-filtered using the 85µm PET mesh (07-85/46, SEFAR) to eliminate 180 
impurities. Subsequently, it was loaded into the syringe pump (Model 500D, Teledyne ISCO) and 181 
degassed overnight. Dope solution was then pumped into the double spinneret nozzle together with 182 
the bore fluid. Specific spinning conditions – including the compositions and flowrate of dope, 183 
and bore solutions and take-up speed – were set prior to the dry-jet wet spinning for membrane 184 
preparation. These parameters were then adjusted to alter the dimension and morphology of the 185 
membrane substrates. In this study, the air-gap distance was carefully manipulated in the range of 186 
2–8 cm to modify the outer surface morphology of the membrane substrates [32, 33]. Figure 1 187 
depicts the schematic diagram for OSHF membrane substrates preparation as a function of the air-188 
gap distance. Detailed spinning conditions of all membrane substrates are presented in Table 1. 189 
The HF substrates molded by the nozzle at various air-gap distances were immediately immersed 190 
into the coagulation bath to initiate the phase inversion process. The solidified substrates were then 191 
rolled up at a specific tension using a roller for straightening the produced fibers. Nascent HF 192 
substrates were then stored in DI water for 24 hours to remove the residual solvent and PEG 400 193 
from the samples. The substrates were subsequently immersed in the aqueous glycerol solution 194 
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(50 wt.%) for two days. The substrates were then dried in the atmosphere to minimize the collapse 195 
of their pore structures in open-air storage. 196 
 197 
 198 
Figure 1. Schematic diagram of HF PES membrane substrate preparation as a function of air-gap 199 




Table 1. Spinning parameters of HF PES membrane substrates 202 
Membranes 






























Tap water 400/1,200 HF-2 6 0.61 
HF-3 2 0.48 
* ID: Inner diameter of the spinneret, OD: Outer diameter of the spinneret.  203 
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To prepare HF modules, the membrane fibers were carefully spaced in the modules with a 204 
specific gap of 0.3 cm in between to avoid the fibers from attaching to each other during the IP 205 
process. The module column specially designed for this study was used along with a typical epoxy 206 
resin. The effective surface area of the membrane fibers in the module was in the range of 6.5 cm2 207 
for small-scaled membrane modules and 22.8 cm2 for larger-scaled membrane modules. Both ends 208 
of the modules were capped by cured epoxy resin without deforming the HF membranes’ bore 209 
holes. 210 
 211 
2.3 Preparation of OSHF TFC membranes 212 
The OSHF TFC membranes were prepared by coating a PA selective layer on the outer 213 
surface of HF membrane substrates via the IP process using MPD and TMC as aqueous and organic 214 
solutions, respectively. Although the VAIP method was initially developed by Sun et al. [28] and 215 
Cheng et al. [24] in their studies, the VAIP method applied in this study was slightly modified and 216 
is illustrated in Figure 2. The stepwise procedure adopted was as follows: 217 
(1) Membrane substrates, as assembled in the modules, were immersed in DI water for at least 12 218 
hours to remove residual ethylene glycol coated on the membrane structure. (2) The substrates 219 
were then dried using a vacuum pump at a pressure of 900 mbar for one minute. (3) Then 2 wt.% 220 
MPD aqueous solution mixed with 0.2 wt.% SDS was supplied to the outer surface of the 221 
membrane substrates for three minutes. (4) Excess MPD solution was then removed from the shell 222 
side of the HF membrane to the bore side using a vacuum pressure of 900 mbar for five minutes. 223 
(5) Subsequently, 0.15 wt.% TMC in n-hexane solution was added to the surface of the MPD 224 
soaked membrane substrate for one minute in order for the IP reaction to take place. (6) Membrane 225 
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modules were then left in the atmosphere for one minute to complete the drying process and they 226 
were then cured in an oven at 80°C for ten minutes. (7) Finally, the TFC membrane modules were 227 
washed with DI water and stored in DI water at 4°C before being characterized and tested. 228 
 229 
 230 
Figure 2. Conceptual illustration of modified interfacial polymerization for OSHF TFC membrane 231 
preparation for FO. 232 
 233 
2.4 Characterization of membrane substrates  234 
The surface and cross-section morphologies of membrane substrates and the PA selective 235 
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(FE-SEM, Zeiss Supra 55VP, Carl Zeiss AG) operated at 5 and 10 kV. All membrane samples 237 
were coated with gold-palladium using a sputtering coater (EM ACE600, Leica). The membrane 238 
substrates were then freeze-fractured for cross-section analysis.  239 
The detailed method for other membrane characterizations such as porosity, pure water 240 
permeability (PWP), pore size distribution and MWCO are presented in the supporting information 241 
(SI). The membrane characterization was conducted using the same methodology described 242 
elsewhere [15, 17]. 243 
  244 
2.5 Evaluation of OSHF TFC membrane performance 245 
2.5.1 Evaluation of FO performance 246 
The FO performance tests were conducted using the same laboratory-scale FO test unit as 247 
described elsewhere [15]. Three kinds of TFC FO membranes – home-made OSHF TFC 248 
membranes, commercial ISHF TFC membranes, and flat-sheet commercial TFC membranes – 249 
were tested and their performance was compared. The membranes were tested in AL-FS mode 250 
using 1 M NaCl solution and DI water as DS and FS, respectively. The detailed method for 251 
determining FO performance is shown in the SI.   252 
 253 
2.5.2 Determination of intrinsic transport properties of TFC FO membranes 254 
 The water permeability coefficient (A), solute permeability coefficient (B), and structural 255 
parameter (S) of the OSHF TFC membranes were examined using the 4-stage prediction model 256 
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developed by Tiraferri et al. [34]. The averaged values of water flux and reverse solute flux of the 257 
membranes measured in various DS concentrations from 0.5 to 2 M were applied to the model 258 
calculation. Previous FO studies applied the model prediction, and the detailed information of the 259 
model prediction is described elsewhere [34].  260 
 261 
2.6 Evaluation of fouling potential on OSHF TFC FO membranes 262 
In order to evaluate the fouling mitigation potential of OSHF TFC membranes, a model 263 
aqueous solution containing a 100 nm sized colloidal silica and sodium alginate at 200 mg/L each 264 
was used as FS. In addition, a flat-sheet commercial FO membrane was used in the fouling tests 265 
as a control sample. Prior to conducting the fouling tests, baseline tests were carried out for 30 266 
minutes with 1 M NaCl solution as a DS, and DI water as a FS. The foulant-spiked solution was 267 
then supplied as feed stream while 1 M NaCl solution was used as DS, and both the solutions were 268 
continuously circulated in a batch mode of operations. The first cycle was operated with a cross-269 
flow velocity of 10.4 cm for three hours in order to determine the fouling potential. Hydraulic 270 
washing was immediately adopted as a physical cleaning strategy using DI water in the feed stream 271 
for one hour in order to evaluate the flux decline caused by foulants at the initial stage, and also to 272 
determine the flux recovery achieved by physical washing. A cross-flow velocity of 31.2 cm/s was 273 
adopted during physical cleaning for both flat-sheet and HF membrane samples, which is three 274 
times higher than the velocity used during fouling tests. After the physical cleaning, long-term 275 




3. Results and discussion 278 
3.1 Characteristics of hollow fiber membrane substrates 279 
Table 2 Intrinsic properties of the OSHF membrane substrates. 280 
 281 
 Table 2 presents the intrinsic properties of OSHF membrane substrates (HF-1, HF-2 and HF-282 
3) including the dimensions, porosity, MWCO, mean pore size and pure water permeability (PWP). 283 
The results indicate that the diameter and porosity of the membrane substrates were affected by 284 
the air-gap distance used during the fiber spinning. At the lowest air-gap distance of 2 cm, the 285 
membrane substrate (HF-3) showed the largest fiber outer/inner diameter (OD/ID: 975/823 µm) 286 
and the highest porosity (74.1%) compared to other samples, because of low elongation stress 287 
under the fast exchange speed of solvent and non-solvent induced by the external coagulant [33]. 288 
However, the fiber diameters and porosities of membrane substrates decreased at a higher air-gap 289 
distance of over 6 cm (HF-1 and HF-2) compared to HF-3. These results imply that the overall 290 
structure of the membrane substrates shrank and densified with a sponge-like structure because of 291 
a greater molecular orientation and chain package by the high gravity induced elongation stress on 292 
the fibers in the air-gap region, which may reduce the surface pore size, membrane porosity and 293 
free volume of the membrane substrates [33, 35, 36]. Similarly, the mean pore size of HF-3 at 13.6 294 
 HF-1 HF-2 HF-3 
Outer diameter (OD)/ 
Inner diameter (ID) (µm) 
764/643 824/690 975/823 
Thickness (µm) 60.5 65.6 77.5 
Porosity (%) 69.6±0.6 72.7±0.3 74.1±0.3 
Mean pore diameter (nm) 8.0 7.6 13.6 
MWCO (kDa) 88.0 85.1 156.9 
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nm was two times higher than those of HF-1 at 8.0 nm and HF-2 at 7.6 nm. In addition, the MWCO 295 
increased from around 87 kDa for HF-1 and HF-2 to 156.9 kDa for HF-3. Moreover, as presented 296 
in Figure 3, HF-1 and HF-2 showed almost the same pore sizes with a sharper and narrower size 297 
distribution compared to HF-3. Therefore, high air-gap distances of over 6 cm produce membrane 298 
substrates with a smaller diameter that have a denser and less porous structure with low and 299 
constant pore sizes.  300 
 The PWP of the membrane substrates also followed the same trend as their mean pore size 301 
and porosity (Figure 3b). Specifically, the PWP of HF-1 and HF-2 were 114.8 and 136.9 Lm-2h-302 
1bar-1 respectively, which then drastically increased to 213.9 Lm-2h-1bar-1 when the air-gap distance 303 
was reduced from 6 cm to 2 cm. The PWP trend correlates well with the pore size and porosity of 304 
the membrane substrates produced at different air-gap distances. The PWP depends on the pore 305 
size and porosity according to the Hagen-Poiseuille pore flow model [14].  306 
  
(a) (b) 
Figure 3. (a) Pore size distributions and (b) pure water permeability (PWP) of OSHF membrane 307 
substrates (HF-1, HF-2 and HF-3) according to various air-gap distances. 308 
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  309 
 The SEM images of the inner surface, cross-section and the outer surface of the membrane 310 
substrates are shown in Figure 4. The inner and outer surfaces of all three membrane substrates 311 
appear dense and smooth. The morphological differences between the three membranes caused by 312 
the air-gap distance cannot be distinguished due to their small pore sizes (less than 10 nm) by the 313 
SEM analysis. However, the cross-sectional images of the membrane substrates clearly show the 314 
differences in their structural morphology. As expected, the HF-1 substrate exhibited a dense 315 
structure with the least number of finger-like voids formed on the inner and outer surfaces. The 316 
HF-2 substrate showed larger and more finger-like voids compared to HF-1, while HF-3 had the 317 
largest number of finger-like voids with a highly porous structure. These results are also supported 318 





Figure 4. SEM images (inside, outside and cross-section) of hollow fiber membrane substrates 322 





Figure 5 AFM images and average surface roughness (Ra) of OSHF membrane substrates (HF-1, 326 
HF-2 and HF-3). 327 
 328 
 The topographic images of the OSHF membrane substrates presented in Figure 5 show that 329 
altering the air-gap distance influenced the outer surface roughness of the membrane. At the 330 
shortest air-gap distance, the outer surface of HF-3 demonstrated large nodules and valley-like 331 
structures with an average surface roughness of 23.4 nm; whereas HF-1 and HF-2, which had 332 
longer air-gap distances, had small nodules with flat and smooth surfaces with an average surface 333 
roughness of 12.3 nm and 12.7 nm, respectively . The rough surface of HF-3 may likely prevent 334 
the formation of defect-free PA selective layers and hence could negatively affect the FO 335 
performance.  336 
 337 
3.2 Characteristics and performance of outer-selective hollow fiber (OSHF) TFC membranes 338 
 Several studies found that the morphology of the PA active layer strongly depends on the 339 
pore structure and chemistry of the skin surface of the membrane substrates (e.g., size and length 340 
of pores, porosity, surface roughness, hydrophilicity and reactivity with core chemicals for IP such 341 




significantly influence the integrity and morphology of PA selective layer because small and well-343 
dispersed pores can strongly hold a soaked MPD solution within the pores due to the existence of 344 
strong surface tension [37]. Consequently, the MPD solution within the surface pores can 345 
uniformly diffuse into the TMC solution during the IP process, and it results in the formation of a 346 
smooth and thin PA selective layer on the membrane substrate [24]. If the surface pores are large 347 
and not well-dispersed, the MPD solution cannot occupy the pores uniformly and will either 348 
penetrate inside the pores or will be removed by air-blowing due to the weak surface tension, 349 
which will cause rough and defective PA layer formation.  350 
Several studies reported that the pore structure of membrane substrates should be less than 300 351 
kDa MWCO for the formation of a PA selective layer under the typical IP process [37, 39]. In a 352 
typical IP process, the MPD solution immediately deposits into the surface pores of the membrane 353 
substrates. The excess MPD solution on the membrane substrate is then removed by blowing or 354 
purging air onto its surface. However, the excess MPD solution in the VAIP process is mainly 355 
sucked from the outer surface towards the bore side using the vacuum-assisted technique. 356 
Therefore, the capillary force between the MPD solution and surface pores under the VAIP process 357 
should be much stronger than that under the typical IP process. Otherwise, the MPD solution 358 
occupied within the large pores with weak capillary force would be mostly removed under the 359 
vacuum, which will reduce the integrity of the PA layer. In addition, excess MPD solution in small 360 
pores cannot be removed well at relatively low vacuum pressure, as most of the sucked-out air 361 
would penetrate via large pores due to their weak capillary forces. The heterogeneous occupation 362 
of the MPD solution can lead to the aggregation of the PA layer due to the rapid migration of MPD 363 
molecules, which increases the flow turbulence and increases the contact area for the IP reaction 364 
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[24]. The hypothesis for the mechanism of PA selective layer formation via VAIP based on the 365 
surface pore size of membrane substrates is illustrated in Figure 6 (a). 366 
                      367 
 368 
Figure 6 (a) Conceptual illustration of the expected mechanisms of PA selective layer formation 369 
via VAIP according to surface pore size of membrane substrates (HF-1, HF-2 and HF-3) and (b) 370 
FESEM images of PA selective layers of prepared OSHF TFC hollow fiber membranes (THF-1, 371 
THF-2 and THF-3).  372 
  373 
 Figure 6 (b) shows the morphological images of the PA selective layer formed on the outer 374 
surface of HF membrane substrates via the VAIP process. The images of the three TFC membranes 375 
(THF-1, THF-2 and THF-3) are visually distinct, especially for THF-3. The selective PA layers of 376 
THF-1 and THF-2 possessing smaller pore size substrate are observed to be smoother, thinner and 377 
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well formed with relatively small globules. In contrast, the THF-3 membrane with larger pore 378 
substrates and varied pore size distribution shows the formation of a relatively rougher and thicker 379 
PA layer with large globules on its surface. Rapid migration of MPD molecules, as mentioned 380 
earlier, may cause the formation of a defective PA layer on the THF-3 substrate [24, 38]. Based 381 
on the SEM images demonstrated in Figure 6b, THF-3 is expected to show relatively poor 382 
performances compared to the other two membranes. Based on these results, membrane substrates 383 
possessing well-distributed pores with its MWCO less than 88 kDa is more suitable for producing 384 
a defect-free PA selective layer via the VAIP process.  385 
 The FO performance (water flux and SRSF) tests of the home-made OSHF TFC membranes 386 
and commercial flat-sheet TFC FO membranes were conducted using 1M NaCl as DS, and DI 387 
water as FS, under AL-FS orientation. As shown in Figure 7, THF-2 achieved the best FO 388 
performance compared to other home-made OSHF TFC membranes, demonstrating the highest 389 
water flux of 30.2 L m-2 h-1 and the lowest SRSF value of 0.13 g L-1. The water flux of THF-1 was 390 
slightly lower at 25.6 L m-2 h-1, and its SRSF was slightly higher at 0.21 g L-1. This is likely because 391 
the THF-1 membrane substrate has lower porosity and permeability even though it is thinner than 392 
the THF-2 membrane. Although the PA selective layer of both THF-1 and THF-2 were well 393 
formed on the membrane substrate due to their favorable surface morphology, THF-1 is likely to 394 
have a higher ICP effect because of its lower porosity resulting in lower water flux. The water flux 395 
of THF-3 was significantly lower at 20.1 L m-2 h-1, and its SRSF was much higher at 0.4 g L-1. The 396 
poor selectivity of the THF-3 membrane is likely due to the defective PA active layer formed on 397 
its substrate as corroborated by the SEM images in Figure 6. Although the PWP of the THF-3 398 
membrane is higher, the lower FO water flux is likely due to the leaky active layer as a result of 399 
defects that reduce the osmotic driving force. The large and heterogeneous surface pores formed 400 
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on the skin layer of the membrane substrate, and the high level of roughness of the membrane 401 
substrate (HF-3) likely caused the poor PA layer formation. Under the similar feed and draw 402 
solution conditions, the commercial flat-sheet (CFS) membrane showed an FO water flux of 35.4 403 
L m-2 h-1, slightly higher than that of THF-2; however, its SRSF of 0.34 g L-1 was about 2.5 times 404 
higher than that of THF-2. The SRSF is particularly important for most FO applications because 405 
it not only loses the draw solutes but also reduces the effective osmotic driving force and can 406 
complicate the feed brine management. Although the SRSF of the commercial hollow fiber (CHF) 407 
membrane was similar to the THF-2 membrane, the water flux of CHF (14.3 L m-2 h-1) was much 408 
lower than that of the THF-2 membrane.  409 
 410 
 411 
Figure 7 FO performance (water flux and specific reverse solute flux) of OSHF TFC membranes 412 
(HF-1, 2 and 3), commercial flat-sheet (CFS) and inner-selective hollow fiber (CHF) TFC 413 
membranes using 1 M NaCl solution as DS and DI water as FS. 414 
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 Figure 8 shows the comparative profiles of the water flux and SRSF of the FO membranes 415 
at different DS concentrations. The water fluxes of all FO membranes gradually increased when 416 
higher concentrated DS was used, which was the expected result due to a higher net osmotic 417 
driving force generated by the DS. The THF-2 membrane consistently exhibited the highest water 418 
flux and the lowest SRSF among all the OSHF TFC membrane samples tested, confirming the 419 
results shown in Figure 7.  420 
 The intrinsic transport properties of the HF membranes, such as water permeability 421 
coefficient (A), solute permeability coefficient (B) and structural parameter (S) values, which were 422 
estimated based on the FO model algorithm by Tiraferri et al., are presented in Table 3 obtained 423 
based on the FO data in Figure 8 [34]. Although the mass transfer phenomena of flat-sheet and HF 424 
membranes are quite different due to the curvature effect of HF membranes; unlike flat-sheet 425 
membranes, Lin suggested that the mass transfer equations for flat-sheet membranes can be 426 
applied for estimating the mass transfer under a HF geometry [40]. The A and B values of the THF-427 
2 membrane were 2.26 L m-2 h-1 bar-1, and 0.28 L m-2 h-1 respectively. The intrinsic selectivity 428 
(B/A) of THF-2 at 0.12 bar was the lowest compared to all the membrane samples evaluated in this 429 
study. However, both the A (2.45 L m-2 h-1 bar-1) and B (0.77 L m-2 h-1) values of THF-3 were 430 
higher than those of other membrane samples, probably because of the defective PA selective layer 431 
formed for the THF-3 membrane as explained earlier. Although the A value of CFS was relatively 432 
high, its B value was also extremely high compared to those of THF-1 and THF-2 so that its 433 
intrinsic selectivity at 0.31 bar was significantly higher than the THF-1 at 0.18 bar and THF-2 at 434 
0.12 bar. Contrary to CFS, the inner-selective CHF membrane showed the lowest A and B values, 435 
because of which its intrinsic selectivity was also observed to be the lowest at 0.11 bar, comparable 436 
to that of the THF-2 membrane. Furthermore, the S value of 190 µm for THF-2 membrane was 437 
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found to be the lowest among all the membrane samples tested, which can be attributed to the high 438 
porosity and permeability of the membrane substrate. Due to the significantly higher performances 439 
of the THF-2 membrane in terms of water flux and SRSF, it can be concluded that THF-2 is the 440 
optimal OSHF TFC membrane manufactured in this study, and also indicates that the HF-2 441 
membrane substrate possessed the most desirable morphological properties for water transport and 442 
PA layer formation.   443 
 444 
      
(a) (b) 
Figure 8. Water flux (a) and specific reverse solute flux - SRSF (b) of home-made OSHF TFC 445 
membranes under different NaCl concentrations from 0.5 to 2 M as DS and DI water as FS. 446 
 447 
  448 
27 
 










THF-1 1.68 0.30 0.18 214 
THF-2 2.26 0.28 0.12 190 
THF-3 2.45 0.77 0.31 428 
CFS 1.63 0.65 0.40 312 
CHF 0.71 0.08 0.11 312 
 450 
3.3 Fouling and cleaning of the flat sheet and hollow fiber TFC membranes under FO operation 451 
 The fouling and cleaning tests were conducted for OSHF TFC membrane samples (THF-2, 452 
THF-3) and commercial membranes (CFS and CHF) in order to comparatively evaluate their 453 
fouling potential and cleaning efficiency. For OSHF TFC membranes, THF-2 and THF-3 were 454 
selected as the best and worst sample respectively based on the results of their performance tests. 455 
Figure 9 presents the variation in the normalized water flux (Jw/J0) of the membranes as a function 456 
of the operating time (h). The normalized water fluxes of all membranes in Stage 1 began to decline, 457 
most likely because of pore blocking. Although the two home-made OSHF membranes showed a 458 
rapid initial flux decline similar to other membranes, its flux, nevertheless, gradually stabilized 459 
after a certain period of time within Stage 1 at a normalized flux of 0.92 for THF-2 and 0.88 for 460 
THF-3. For commercial FO membranes (CFS and CHF), the water fluxes continuously dropped 461 
reaching a normalized flux of 0.85 for CFS and 0.91 for CHF after three hours of operation. 462 
Although all TFC membranes in this study were not chemically modified, their fouling potential 463 
varied quite significantly. The high-flux membrane samples such as THF-2 and CFS cause high 464 
fouling potential compared to those of low-flux samples (THF-3 and CHF). In addition, poor ion 465 
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selectivity of the membrane samples (THF-3 and CFS) may cause the acceleration of colloidal 466 
fouling on the membrane surface due to the electrostatic attraction between penetrated ions and 467 
charged foulants [41, 42]. These results, therefore, clearly indicate that the THF-2 membrane 468 
sample possesses lower fouling potential among all the membrane samples, even though its water 469 
flux was significantly higher. 470 
 Subsequently, the hydraulic washing of the fouled membranes was conducted for one hour 471 
using DI water as a cleaning agent after the completion of the Stage 1 operation. The cross-flow 472 
velocity used for physical cleaning was three times higher than that under the normal FO operation 473 
in Stage 1 and Stage 2. The hydraulic washing data for inner-selective CHF membrane could not 474 
be presented in Figure 9 as the mechanical strength of the membrane was not adequate to withstand 475 
the high flow rate used inside as bore fluid for the hydraulic cleaning. In addition, foulants might 476 
also clog the fiber bore increasing the pressure drop. The water flux recovery rates of THF-2 and 477 
THF-3 after hydraulic cleaning following its operation in Stage 1 were more than 99%, while it 478 
was slightly lower, at 95%, for CFS membrane. 479 
 Fouling experiments were then resumed for ten hours in Stage 2 using a new alginate-silica 480 
mixture as model foulants. The flux decline trend for THF-2, THF-3 and CFS in Stage 2 were 481 
similar to those observed in Stage 1. The highest flux decline was observed for commercial CFS 482 
membrane dropping to a nominalized water flux of 0.64 after ten hours. On the other hand, the 483 
water flux of THF-2 and THF-3 declined only slightly at first and then gradually stabilized at 0.92 484 
and 0.88 respectively during ten hours of fouling tests. The flux decline rate of THF-2 membrane 485 
was lower than that of THF-3 during the fouling test in both Stage 1 and Stage 2. With regard to 486 
the performance tests, THF-3 produced lower water flux and higher SRSF compared to the THF-487 
2 TFC membrane, which could be ascribed to the defective PA layer of the THF-3 membrane. The 488 
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higher flux decline of THF-3 in the fouling test using the silica and alginate might be attributed to 489 
membrane’s high reverse diffusion of draw solutes, although its initial water flux was lower than 490 
that of THF-2. In addition, the large granular morphology of the THF-3 PA layer may also likely 491 
accelerate membrane fouling as the particulates can easily deposit on the membrane surface [43].  492 
 Overall, the THF-2 membrane presented the best fouling resistance and cleaning efficiency 493 
during the fouling tests compared to other OSHF and commercial membranes. Based on overall 494 
FO performance and fouling test results, it implies that the THF-2 membrane is a promising 495 
candidate for FO applications with better performance and fouling resistance compared to 496 
commercial FO membranes. Based on the results, we believe that the optimized OSHF FO 497 
membrane (THF-2) can be a suitable candidate for the water treatment in a foulant rich 498 
environment such as submerged OMBR applications for wastewater treatment using reverse 499 
osmosis brine or concentrated fertilizer as DS, where the influent stream or bioreactor with foulants 500 
will face the outer-selective layer of the membrane [44, 45]. Nevertheless, it is necessary to further 501 
investigate the fouling and application studies of the OSHF FO membranes in the future to better 502 





Figure 9 Comparison of fouling propensity and cleaning efficiency of OSHF TFC and commercial 506 
FO membranes during stabilization, Stage 1 and Stage 2. DI water spiked with sodium alginate 507 
(200 mg/L) and colloidal silica (200 mg/L) was used as a feed solution, and 1 M NaCl solution 508 
was used as a draw solution. DI water was supplied into the feed stream for physical cleaning. The 509 
initial water fluxes of the membrane samples during the stabilization were varied, as shown in the 510 
figure. The cross-flow velocity of the feed stream for membrane fouling and cleaning was 511 
maintained at 10.4 and 31.2 cm/sec, respectively.  512 
    513 
  514 
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3.4 Evaluating the scalability of OSHF TFC membrane modules 515 
 All the OSHF TFC membrane lab-scale modules used in this study contained only two 516 
membrane fibers with a surface area of 6.5 cm2, which can be a challenge when understanding the 517 
scalability of the OSHF TFC membrane modules and their stability during FO operation. In 518 
addition, it was important to investigate the feasibility of VAIP technique application to a large-519 
scale module. This is because the VAIP technique requires the vacuum pressure to be applied 520 
equally into each module fiber in order to properly remove the excess MPD solution on the outer 521 
surface for subsequent PA formation. A number of larger membrane modules, containing eight 522 
HFs of THF-2 with a total surface area of 22.8 cm2, were thus manufactured for further 523 
performance tests. The experimental results of the larger-scale modules were compared with those 524 
of the small-scale modules (two fibers of THF-2). Figure 10 presents the FO water fluxes and 525 
SRSF of slightly scaled-up THF-2 membrane modules. This scaled-up OSHF TFC membrane 526 
module exhibited water flux (30.7 L m-2 h-1) and SRSF (0.17 g L-1) which were similar to those of 527 
small-scaled membrane module (water flux of 30.2 L m-2 h-1 and SRSF of 0.13 g L-1). These results 528 
indicated that the modified VAIP could be suitable for developing the larger-scale FO module with 529 
OSHF TFC membrane for commercial-scale operation in the future. The authors did not have the 530 
facilities to build and test HF membrane modules larger than the one used in this study. Although 531 
hydraulic pressure is not applied in FO processes unlike RO, FO membranes may incur mechanical 532 
stress, which may damage the membranes in a module. Therefore, the future work will involve the 533 
development of OSHF TFC membranes with high mechanical strength in order to build 534 








Figure 10. (a) Water flux and SRSF of small-scale and large-scale THF-2 membrane modules and 538 
(b) their real picture (Left: small-scale module, Right: large-scale module) with 1M NaCl as DS 539 
and DI water as FS.         540 
 541 
  542 
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4. Conclusion 543 
 A number of novel OSHF TFC FO membranes were successfully developed for FO 544 
applications. This study presented a practical approach on how to manufacture the optimum OSHF 545 
TFC membranes starting with the design of the outer surface of HF membrane substrates as a 546 
function of air-gap distance followed by a modified VAIP technique for PA selective layer 547 
formation. This modified approach could successfully develop a defect-free PA layer on the outer 548 
surface of the hollow fiber membrane. The best performance OSHF TFC FO membrane fabricated 549 
using an air-gap of 6 cm exhibited a water flux of 30.2 L m-2 h-1 and SRSF of 0.13 g L-1 with 1M 550 
NaCl and DI water as DS and FS, respectively. Additionally, this membrane demonstrated a high 551 
fouling resistance and a higher cleaning efficiency when tested using the silica-alginate spiked 552 
solution. The novel OSHF TFC FO membrane is potentially one of the most suitable candidates 553 
for newly emerging FO applications such as submerged aerobic or anaerobic OMBR, and a 554 
fertilizer-drawn OMBR hybrid system with less concern about low water flux, salinity build-up, 555 
membrane fouling and cleaning, as well as membrane modulation. Using the fabrication protocol 556 
and guidelines suggested in this study, further modifications such as incorporating a braid into the 557 
HF support layer are required to enhance the mechanical strength of the membranes to ensure 558 
feasibility in practical applications. 559 
  560 
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